Yrast levels of Ni, Cu and Zn isotopes for 40 ≤ N ≤ 50 have been described by state-of-the-art shell model calculations with three recently available interactions using 56 Ni as a core in the f 5/2 pg 9/2 model space. The results are unsatisfactory viz. large E(2 + ) for very neutron rich nuclei, small B(E2) values in comparison to experimental values. These results indicate an importance of inclusion of πf 7/2 and νd 5/2 orbitals in the model space to reproduce collectivity in this region.
Introduction
The neutron-rich nuclei near nickel region is one of the fascinating subject because many intensive experimental investigations have been done in the last few years. 1,2,3,4,5,6,7,8 The reason for this interest is due to the evolution of the single-particle structure towards 78 Ni which is a testing ground for the nuclear shell model and importance of astrophysical r process, which is the mechanism of rapid neutron capture by seed nuclei in explosive stellar environments. 9 A hitherto question in this region related to rapid reduction in the energy of 5/2 − state as the filling of neutrons started in the νg 9/2 orbital in the Cu isotopes. 10, 11, 12, 13, 14, 15 The importance of monopole term from the tensor force is pointed out by Otsuka et al., 16, 17 to understand the evolution of nuclear structure in this region. Collectivity, and B(E2) enhancement around N = 40 for Cr, Fe and Ni isotopes recently studied by including πf 7/2 and νd 5/2 orbitals in the model space. 18, 19, 20, 21 It is found that for neutron rich f p shell nuclei the deformation is appears in these nuclei due to coupling of unfilled f 7/2 proton shell to neutron in sdg shell.
The experimental E(2 . This is probably due to increased π-ν interaction between the two protons outside the Z = 28 shell and the N = 40 − 50 neutron shell, which bring in an amount of collectivity.
Following our recent shell-model (SM) studies for neutron-rich F isotopes 22 , odd and even isotopes of Fe 23,24 , odd-odd Mn isotopes 25 , odd-mass 61,63,65 Co isotopes 26 , and odd-even Ga isotopes 27 , in the present work, large scale shell model calculations have been performed for neutron rich Ni, Cu and Zn isotopes for 40 ≤ N ≤ 50 in f 5/2 pg 9/2 model space. The low-lying energy levels and B(E2) values have been calculated and compared with the recent experimental data.
The paper is organized as follows: In Section 2 model space and effective interaction are described. In Section 3 results and discussion are presented. Finally in Section 4 we give conclusions.
Model space and effective interaction
The calculations have been performed using p 3/2 , f 5/2 , p 1/2 and g 9/2 valence space taking 56 Ni as a core. In the present calculation we use three different sets of interactions. The first set of large scale shell model calculations (labeled LSSMI) utilizes the realistic effective nucleon-nucleon interaction based on G-matrix theory by Hjorth-Jensen 28 with the monopole modification by Nowacki 29, 30 . The second set of calculations (labeled LSSMII) are obtained with the JJ44B effective interaction 31 which is an extension of the renormalized G-matrix interaction based on the Bonn-C NN potential (JJ4APN) constructed to reproduce the experimental data for exotic Ni, Cu, Zn, Ge and N=50 intones in the vicinity of 78 Ni. The third + state above the experimental value by 406 keV and 172 keV. As the number of neutron increases from 72 Ni onwards both the interactions predict higher levels nearly 500 keV higher than the experimental values. Thus both these interaction fail to reproduce the experimental data of more neutron rich Ni isotopes.
The LSSMIII, for 68 Ni predict 2 The discrepancy between calculated and experimental value is due to insufficient quadrupole collectivty. Indeed, to reproduce collectivity for Ni isotopes it is necessory to include f 7/2 and d 5/2 single-particle orbits in the model space. Recently collectivity for Ni isotopes using this space is reported by modern effective interaction by Strasbourg group. 18, 19 ws-ijmpe + state is predicted 500 keV higher than the experimental value. For 72 Zn, the order of levels is correctly reproduced by LSSMII. The predicted 2 + state at 302 keV and at 211 keV above the experimental value for LSSMI and LSSMII interactions respectively. For 74 Zn, 2 + is predicted at 879 keV and at 826 keV by LSSMI and LSSMII whereas the experimental at 606 keV. The results of LSSMII are better than LSSMI. For 76 Zn, the 2 + at 599 keV is predicted at 840 keV and at 911 keV by LSSMI and LSSMII respectively. The 2 + in 78 Zn at 730 keV is predicted at 1060 and 1032 keV and in 80 Zn at 1492 keV is predicted at 1731 keV and 1353 keV for LSSMI and LSSMII interactions. Thus as number of neutron increases both these interactions give higher values of 2 + state in comparison to the corresponding experimental values. The LSSMIII calculations predict large discrepancies with experimental data.
For Zn isotopes, the calculated and experimental values of E(2 is not reproduced within f 5/2 p 9/2 space. This has been interpreted in Ref. 35 as a rapid polarization of the proton core induced by the filling of the neutron g 9/2 orbit. This reflects a strong monopole interaction between π1f 7/2 -ν1g 9/2 . These results show that the dominance of g 9/2 orbit in B(E2) calculation is important above Fig. 14. This figure show that higher value of e π is required to reproduce B(E2) correctly. In Zn isotopes above A=68, the contribution from ν1g + gs ) strength is thus dominated by the specific E2 strength between (ν1g 9/2 ) J=0 and (ν1g 9/2 ) J=2 configurations. The increase of the B(E2) values beyond N = 40 suggests an increase of the collectivity induced by the interaction of protons in the pf shell and the neutrons in sdg orbitals.
Conclusions
The large E(2 
